ABSTRACT: The purpose of this investigation was to examine coupling between visual information and body sway in children and young adults at various distances from a moving room front wall. Sixty children (from 4 to 14 years old) and 10 young adults stood upright inside a moving room that was oscillated at .2 and .5 Hz, at distances of .25, .5, 1, and 1.5 m from a front wall. Visual information induced body sway in all participants in all conditions. Young children swayed more than older participants, whether the moving room was oscillated or not. Coupling between visual information and body sway became stronger and the room movement influence became weaker with age. Up to the age of 10, coupling strength between visual information and body sway and the room movement influence were distance dependent. Postural control development appears to be dependent on how children reweight the contribution of varying sensory cues available in environment in order to control body sway. ß 2007 Wiley Periodicals, Inc. Dev Psychobiol 50: 77-87, 2008. 
INTRODUCTION
Postural control is required for the acquisition and refinement of motor skills that are crucial for most everyday tasks. Therefore, understanding postural control and how and why it develops is extremely important. The postural control system includes all of the sensorimotor and musculoskeletal components involved in the achievement of two behavioral goals, postural orientation and postural equilibrium (Horak & Macpherson, 1996) . Thus, even everyday tasks, such as maintaining the upright stance, are not trivial because the human body is multisegmented (i.e., has many degrees of freedom of movement), and has access to multiple sources of sensory information from, mainly, the visual, vestibular, and somatosensory sensory systems (Nashner, 1981) .
Developmental changes have been observed in different aspects of the postural control system. Many studies have observed that young children sway more than older children and young adults (e.g., Figura, Cama, Capranica, Guidetti, & Pulejo, 1991; Portfors-Yeomans & Riach, 1995; Riach & Hayes, 1987; Riach & Starkes, 1994; Usui, Maekawa, & Hirasawa, 1995) . Usui, Maekawa, and Hirasawa (1995) , for example, studied 1,188 children aged 3-11 years during upright stance and observed that the center of pressure area became smaller with age.
There has also been interest in age-related changes in the use of sensory information to control posture. Many studies have investigated the influences of visual information on postural control in infants, children, and adults using the ''moving-room'' paradigm. Lishman and Lee (1973) were the first to show that upright stance in adults could be disrupted by moving the surrounding visual environment with discrete and abrupt movements of the walls and ceiling. Following this pioneer work, many studies have employed this paradigm with infants (e.g., Bertenthal & Bai, 1989; Butterworth & Hicks, 1977; Lee & Aronson, 1974) and children (e.g., Delorme, Frigon, & Lagacé, 1989) and found postural responses to moving room movements that indicated that the postural control system begins to use visual information in the first months of life. Yet, in studies in which visual information was manipulated in combination with a moveable platform and thus affected two sensory inputs, only children 7 years of age and older were able to resolve the conflicting sensory situation sufficiently to maintain upright stance control (Forssberg & Nashner, 1982; Shumway-Cook & Woollacott, 1985) .
Based upon these results, it has been suggested that children reach adultlike postural control around the age of 7 years old (Forssberg & Nashner, 1982; Shumway-Cook & Woollacott, 1985) . However, results from several other studies have provided evidence that questions this assumption, showing that adultlike performance of postural control is not achieved until much later in childhood or adolescence (Hirabayashi & Iwasaki, 1995; Taguchi & Tada, 1988; Zernicke, Gregor, & Cratty, 1982) . Taguchi and Tada (1988) studied 60 individuals ranging in ages from 4 to 29 years and observed that only the 9-to 12-year-old group was able to achieve a center of pressure area comparable to adults during upright stance in the eyes open condition. Similarly, Hirabayashi and Iwasaki (1995) reported that postural stability did not reach an adult level until 15 years of age. Recently, Peterson, Christou, and Rosengren (2006) showed that children do not demonstrate adultlike use of sensory information to control upright stance prior to the age of 12 years. In addition, postural control in children is task-dependent (Figura et al., 1991; Streepey & Angulo-Kinzler, 2002 ). Streepey and Angulo-Kinzler (2002) observed that 10-year-old children displayed behavior similar to that of 6-year-old children in more difficult tasks and yet performed at the same level as young adults in easier tasks.
Recently, it has been suggested that improvements in postural control may be related to how sensory information is used by the central nervous system to produce and control body sway, that is, the coupling between sensory information and motor action (Barela, Jeka, & Clark, 1999 , 2003 Metcalfe et al., 2004 Metcalfe et al., , 2005 . Specifically, Barela et al. (2003) observed that children as young as 6 years old show well-developed coupling between sensory information and body sway. However, children displayed variability values that were significantly higher than adults. The authors stated that children seem unable to focus their response to the drive at a particular frequency and that the source of these difficulties may be in the reweighting process (Barela et al., 2003) . Reweighting refers to the process that the central nervous system uses to control the relative contribution of each different sensory source as it varies in environmental conditions (Horak & Macpherson, 1996; Peterka, 2002) to adjust the contributions of each sensory channel for postural control. Therefore, different 'weights' are attributed to each sensory channel to maintain postural control by adapting to environmental changes. Thus, when one source of sensory information is present but unreliable or irrelevant, the postural control system decreases, but does not exclude the emphasis on this sensory information and increases the emphasis on more reliable sensory information.
Recent evidence shows that adults are capable of very precise reweighting of multiple sensory information (Oie, Kiemel, & Jeka, 2001 , 2002 ; however, it is not known at what age children develop precise reweighting capabilities. The inability to adequately reweight sensory information from different sensory sources (e.g., visual, vestibular, and somatosensory sensory systems) may be related to at least two different processes of sensory integration. First, the nervous system must ignore (downweighting) irrelevant inputs and focus on those that are relevant in order to reduce the effect of sensory information that is present, but unreliable or not useful. Second, the nervous system must be able to upweight the relevant and useful information even under changing stimulus characteristics. Dijkstra, Gielen, and Melis (1992) and indirectly investigated these processes in adults by manipulating the distance between individuals and a visual scenario. In this case, as the distance from the scenario increases, the retinal displacement of the scenario decreases and, consequently, looking at the scenario is more effective for short distances (Paulus, Straube, Krafczyk, & Brandt, 1989) . However, this seems to be the case in a stationary but not in a moving scenario (Dijkstra et al., 1992) . tested the predictions of the model put forward by Schöner (1991) and observed that as visual distance from the participant to a moving scenario increased, the temporal stability of coupling between visual drive and postural response decreased; the time delay between visual drive and postural responses increased; there was no significant change in the amplitude of postural sway; and the expansion rate of the visual surround decreased. In these results, only the lack of distance effect on body sway amplitude contradicted the model predictions.
Based upon these results, concluded that the absence of linear linkage between sway amplitude and stability between sensory information and body sway suggests that the theoretical picture of posture in a visual environment as a passive linear system driven by the expansion rate was not adequate. Instead, the authors suggested that the central nervous system might actively generate movements that match the visual motion in amplitude and frequency. This active movement may then be coupled dynamically to the visual information, consistent with the successful model predictions for the timing aspects of the data. Moreover, since body sway was not distance dependent, the visual influence on postural control had to be upweighted in order to induce sway even with smaller visual scenario displacement projected into the retina.
These aspects of sensory integration as related to postural control have not been investigated in children. Several studies have shown that infants (e.g., Bertenthal, Rose, & Bai, 1997; Lee & Aronson, 1974; Lejeune et al., 2006) and children (e.g., Delorme et al., 1989) are influenced by the manipulation of visual information, suggesting the occurrence of sensory and action coupling even early in life. Coupling between sensory information and body sway has only recently been investigated through manipulation of visual (e.g., Barela, Godoi, Freitas Júnior, & Polastri, 2000; Metcalfe et al., 2004 Metcalfe et al., , 2005 Schmuckler, 1997) and somatosensory information (Barela et al., 2003) . In general, these studies found that coupling strength between sensory information and body sway in infants and children was weaker and more variable than that of adults, despite the fact that the sensory influence and temporal pattern (e.g., gain and phase between stimulus and body oscillation) were the same at all ages. These results suggest that, while infants and children seem to exhibit the same coupling structure with regard to the sensory information, they are still unable to properly downweight the undesirable stimulus influence and upweight the influence of useful stimulus to focus on specific input information.
Despite this evidence of the use of sensory information by infants and children, a dynamic relationship between sensory information and postural sway has yet to be established. It remains unknown whether differences in postural control between children and adults are due to how each uses sensory information to control body sway and if children are able to reweight sensory information as adults do. In this study, we employed the moving room paradigm to examine how 4-to 14-year-old participants are influenced to couple body sway with visual information. Specifically, the purpose of this investigation was to examine the coupling between visual information and body sway at different frequencies of motion in a moving room and at different distances between the participants and the front wall of the room. Our hypotheses were that (1) the coupling strength between visual information and body sway would increase as age increased, (2) the coupling strength between visual information and body sway would decrease as distance increased, and (3) the coupling strength between visual information and body sway would be frequency dependent.
METHODS Participants
Seventy subjects, 35 males and 35 females, participated in this study. They were distributed equally into seven age groups: 4 years old (M ¼ 4.09 and SD ¼ .36), 6 years old (M ¼ 6.10 and SD ¼ .38), 8 years old (M ¼ 8.07 and SD ¼ .31), 10 years old (M ¼ 9.88 and SD ¼ .21), 12 years old (M ¼ 12.26 and SD ¼ .23), 14 years old (M ¼ 14.21 and SD ¼ .36), and young adults (M ¼ 22.52 and SD ¼ 2.44). The children were recruited through schools, daycare centers, and by personal contact with friends. The young adults were undergraduate or graduate students. Each child's parent and each adult participant gave written informed consent prior to his/her participation, according to procedures approved by São Paulo State University's Institutional Review Board. After data collection, each child received a certificate of participation.
Procedures
Each participant was brought to the Laboratory of Movement Studies, Institute of Biosciences, São Paulo State University (UNESP) at Rio Claro and, after a brief period of adaptation to the laboratory environment, was prepared for the experimental session. Participants were asked to maintain upright stance inside of a moving room and to look at a target attached to the front wall. The moving room, consisting of three walls and a ceiling (2.1 m long Â 2.1 m wide Â 2.1 m tall) was mounted on wheels so that it could be moved back and forth by a servomotor mechanism. The walls and ceiling of the moving room were covered by a pattern of black (22 cm wide) and white (42 cm wide) vertical stripes. A 20-W lamp was used to maintain consistent light from the ceiling throughout the data collection. The servomotor mechanism consisted of a controller (Compumotor, Model APEX 6151), a controlled stepper motor (Compumotor, Model N0992GR0NMSN) and an electrical cylinder (Compumotor, Model EC3-X3xxN-10004a-Ms1-MT1M) that connected the servomotor to the structure of the moving room. Specific software (Compumotor, Motion Architect for Windows) controlled the servomotor mechanism, moving the room away from and toward the participant (anterior-posterior direction). The moving room was continuously oscillated backward and forward at frequencies of .1, .2, .5, and .8 Hz, with amplitudes of 1.0, .5, .2, and .13 cm, respectively. Peak velocity at each frequency was kept constant at .6 cm/s by varying moving room amplitude with frequency. Peak velocity was determined by the following equation:
One OPTOTRAK (Northern Digital, Inc. Waterloo, Canada) IRED was placed on the participant's back (at approximately the level of the 8th thoracic vertebra) and a second was placed on the front wall of the moving room. These markers provided information about the participant's trunk sway and displacement of the moving room in anterior-posterior, medial-lateral, and vertical directions, collected at a sampling rate of 100 Hz.
The participants stood inside the moving room at four distances from the front wall: .25, .5, 1.0, and 1.5 m. These distances result in subtended visual angles (i.e., visibility of the side walls) of approximately 23.4
, 35.5 , 53.6 , and 65.0 , respectively. In order to confirm that participants had accomplished the task, a camera was placed on the front wall of the moving room to monitor and record participant behavior in real-time. For each participant, 17 trials lasting 60 s were collected. The first trial was used as the baseline and the room was not oscillated. After this first trial, each participant performed four blocks of four trials. In each block, the participant stood at one of the four distances and performed trials at all of the four moving room frequencies. Therefore, participants performed 16 trials, with the block and the frequency order within each block, randomly assigned. A resting period ranging from 30 to 120 s was provided after each trial.
In keeping with the objective of this article, only the trials in which the distance was manipulated at the frequencies of .2 and .5 Hz, and the baseline trial in which the room was not oscillated were considered in this study. Therefore, for each participant, 9 trials lasting 60 s were analyzed. Each set included one trial in which the room was not oscillated and eight trials in which the room was oscillated at the frequencies of .2 and .5 Hz at each of the four distances.
Since it has been observed that prior knowledge about a room's movement influences coupling between visual information and body sway (Freitas Júnior & Barela, 2004) , participants were not asked until after the experiment whether or not they noticed anything unusual about the room. Only four participants (two from the 14-year-old group and two from the young adult group) were aware that the room had moved and, therefore, were excluded and replaced by other participants. Therefore, none of the participants in the sample stated that they were aware that the room moved.
Data Reduction
Some of the children were unable to accomplish the task as required by the experimenter. In these cases, trials were repeated after all trials had been performed. Additionally, observation notes taken during data acquisition and the videotape recording of each participant were reviewed in order to verify that they were valid. A trial was considered valid for analysis when (a) the participant remained in the upright stance looking toward the front wall of the moving room, (b) no abrupt movements were performed, and (c) the participant performed the task for a minimum length of 30 consecutive seconds. After trial reviews were completed, the following analyses were performed.
The first analysis examined the participant's behavior through the variable sway variability. Sway variability was obtained by first calculating the mean variance of the marker placed on the participant's back. Before calculating the sway variability, a first order polynomial was subtracted from the signal of each trial. This eliminated any low-frequency trunk sway changes during the trial that were not related to body oscillation. Then, the sway variability was calculated by obtaining the standard deviation of the trunk sway signal. The sway variability, therefore, corresponded to the variance of the trunk sway, and was used to examine the average performance of the postural control system. Sway variability was calculated in the anterior-posterior direction for all trials.
The second analysis examined the relationship between the moving room and trunk sway. Since the room was oscillated in the anterior-posterior direction, these analyses focused only on this direction. The coupling between visual information and body sway was examined through four variables: coherence, gain, relative phase, and angular deviation.
Coherence measures the strength of body sway in relationship to the room's movement: that is, how strongly body sway is coupled to the visual stimulus. Coherence is defined as:
Coherence ¼ P xy ðoÞ 2 P xx ðoÞP yy ðoÞ where P xy (o) is the cross-spectrum of two signals x(t) and y(t), moving room and body position, and P xx (o) and P xx (o) are autospectra of x(t) and y(t), respectively, calculated at a specific frequency (o). Coherence values close to one indicate strong dependence between the two signals (x and y), and coherence values close to zero indicate that the signals are independent from each other. Gain is a measure of the dependence of induced body sway upon stimulus motion and was calculated as the ratio between the body sway amplitude spectrum and moving room amplitude spectrum at the driving frequencies. Thus, gain corresponds to the ratio between the value of body sway spectrum and the value of moving room spectrum at the driving frequency. Gain values close to one indicate that trunk sway had the same amplitude spectrum as the moving room, and values below and above one indicate that trunk sway had a smaller or larger amplitude spectrum, respectively, than the moving room. Both coherence and gain were calculated at the respective driving frequency of each trial.
Relative phase provides information about the temporal relationship between body sway and moving room movement. This calculation employed a peak-picking technique (Dijkstra, Schöner, Giese, & Gielen, 1994 ) that involved the identification of significant extrema of the position and velocity of moving room and body sway cycles. The definition of an extremum was based upon the difference between the maximum and the minimum values in a segment of one cycle before and one cycle after the respective extremum. For example, an extremum was accepted when it differed more than 20% from its neighboring extrema. The relative phase was calculated by taking the time difference between an extremum of the trunk sway signal and an extremum of room movement, and dividing the difference by the driving stimulus period.
Four time series of the relative phase were available from this procedure: maxima and minima of both position and velocity. These four time series were combined in one overall time series and the mean and standard deviation values were calculated. The mean value was considered as the relative phase. The standard deviation value was considered as the angular deviation and provided information about the temporal stability of coupling between visual information and body sway.
Statistical Analysis
Four statistical analyses were employed in order to verify differences among the seven groups (4, 6, 8, 10, 12, 14 years old, and young adults), the two driving frequencies (.2 and .5 Hz), and the four distances between the front wall of the room and the participants (.25, .5, 1.0, and 1.5 m). The first statistical analysis was a one-way ANOVA, conducted to evaluate the effects on each group in the trials in which the moving room was not oscillated. The dependent variable was the sway variability in the anterior-posterior direction. The second statistical analysis was a one-way ANOVA, conducted to evaluate the effects on the groups in the trials in which the room was oscillated. The dependent variable was the sway variability in the anteriorposterior direction. The third statistical analysis was a 7 Â 4 Â 2 (group Â distance Â frequency) MANOVA, with repeated measures on the last two factors, conducted to evaluate the effects of group, distance, and frequency in the trials in which the moving room was oscillated. The dependent variables were coherence and gain. The fourth statistical analysis was a 7 Â 4 Â 2 (group Â distance Â frequency) MANOVA, with repeated measures on the last two factors, conducted to evaluate the effects of group, distance, and frequency in the trials in which the moving room was oscillated. The dependent variables were relative phase and angular deviation. Appropriate follow-up univariate analyses and post hoc tests with Bonferroni adjustments were performed, when applicable, with the overall significance level remaining at .05. All analyses were performed using SPSS (SPSS for Windows 6.1) and all of the assumptions regarding the analyses employed were fulfilled.
RESULTS
Visual information from the moving room induced body sway in all participants. Figure 1 depicts an exemplar time series and amplitude spectra between trunk sway and moving room displacement for a 4-year-old child at the two moving room frequencies (.2 and .5 Hz). The overlaid time series shows that the trunk adopts the frequency of the moving room (Fig. 1a and b) , and spectral plots show a well-defined peak in the trunk sway signal at the moving room frequencies (Fig. 1c and d) .
Sway Variability
Young children swayed more than older participants, whether the room was oscillated or not. Figure 2 depicts sway variability values for all age groups in the trials in which the moving room was and was not oscillated.
When the room was not oscillated, ANOVA revealed a significant group effect, F(6, 139) ¼ 12.16, p < .001. Post hoc tests revealed that the 4-year-old children swayed more than all of the older participants, and that the 6-and 8-year-old children swayed more than the young adults. For the condition in which the room was oscillated, ANOVA also revealed a significant group effect, F(6, 63) ¼ 11.57, p < .001. Post hoc tests revealed that the 4-year-old children swayed more than all of the older participants, and that the 6-, 8-, 10-, and 14-year-old participants swayed more than the young adults.
Moving Room and Body Sway Relationship
MANOVA was conducted to evaluate the effects of group, frequency, and distance on the dependent variables, coherence and gain, revealing significant group effect, Developmental Psychobiology. DOI 10.1002/dev . FIGURE 1 Overlaid time series of trunk sway (light line) and moving room (dark line) displacement, and amplitude spectra of trunk sway and moving room displacement for a 4-year-old child in the anterior-posterior direction for trials at a distance of 25 cm and at the two moving room frequencies. The two left panels (a and b) show the time series of trunk sway and moving room displacement at frequencies of .2 and .5 Hz, respectively. The two right panels (c and d) present the amplitude spectra of trunk sway and moving room displacement at the frequencies of .2 and . Coherence. Coupling strength increased with age and differed at the four distances up to 10 years of age. Univariate analyses revealed significant group effect, F(6, 63) ¼ 12.64, p < .001, distance effect, F(3, 189) ¼ 17.35, p < .001, and group and distance interaction, F(18, 189) ¼ 3.78, p < .001, but no significant effect for frequency, F(1, 63) ¼ 3.63, p > .05. Because no significant effect was found for frequency, coherence values for frequencies of .2 and .5 Hz were grouped and are depicted in Figure 3a for all age groups across the four distances. Post hoc tests showed that for the 10-year-old and younger children, coherence values decreased as the distance from the front wall increased. At the ages of 12 years and above, coherence values were similar across all four distances.
Gain. Body sway response to the moving room decreased with age. Additionally, body sway response to the moving room was also different at the four distances up to 10 years of age. Univariate analyses revealed significant group effect, F(6, 63) ¼ 6.91, p < .001, distance effect, F(3, 189) ¼ 41.57, p < .001, and group and distance interaction, F(18, 89) ¼ 3.54, p < .001, but no significant effect for frequency, F(1, 63) ¼ .49, p > .05. Similar to coherence values, gain values for frequencies of .2 and .5 Hz were grouped, and are depicted in Figure 3b for all age groups across the four distances. Post hoc tests showed that for the children aged 4, 6, and 10 years, gain values decreased as the distance from the front wall increased. No difference was observed among distances for the children aged 8, 12, 14 years, and young adults.
Relative Phase. Figure 4 shows that at a frequency of .2 Hz, body sway was almost in phase with the moving room (&0 ), and at a frequency of .5 Hz, body sway lagged behind the frequency of the moving room (&À100 ). Univariate analyses revealed significant frequency effect, F(1, 63) ¼ 304.80, p < .001, and distance effect, F(3, 189) ¼ 4.60, p < .05, but no significant group effect, F(6, 63) ¼ 2.21, p > .05, or group and distance interaction, F(18, 189) ¼ 1.00, p > .05. Angular Deviation. The temporal stability between body sway and room movement increased with age. Moreover, Developmental Psychobiology. DOI 10.1002/dev FIGURE 2 Sway variability in the anterior-posterior direction for all age groups in both conditions, when the moving room was not oscillated and when the moving room was oscillated.
FIGURE 3
Mean coherence values (a) and mean gain values (b) for all age groups in the anterior-posterior direction across the four distances.
the stability was different among the four distances up to 10 years of age. Figure 5 depicts mean angular deviation values for all age groups across the four distances, grouped across frequencies. Univariate analyses revealed significant group effect, F(6, 63) ¼ 18.36, p < .001, frequency effect, F(1, 63) ¼ 86.78, p < .001, distance effect, F(3, 189) ¼ 4.38, p < .001, and group and distance interaction, F(18, 189) ¼ 3.01, p < .001. Post hoc tests showed that for children aged 10 years old and younger, angular deviation values increased as the distance from the front wall increased. At the ages of 12 years and above, angular deviation values were similar across all four distances.
DISCUSSION
Age-related changes were observed in postural control, with young children swaying more than the older children and young adults during the upright stance. This finding is not new and corroborates results from several previous studies (e.g., Figura et al., 1991; Portfors-Yeomans & Riach, 1995; Riach & Hayes, 1987; Riach & Starkes, 1994; Usui et al., 1995) . In addition, it appears that the age at which children reached adultlike postural control was task-dependent. For example, when the room was not oscillated, children up to 10 years of age showed postural control similar to that of adults; but when the room was oscillated, only those aged 12 years and older achieved adultlike postural control. Other studies have already observed that the postural control system is not only agedependent, but also task-dependent (Figura et al., 1991; Streepey & Angulo-Kinzler, 2002 ). The present study, however, extends our understanding of postural control system functioning in children by illustrating that agerelated changes in the postural control system were related to changes in the coupling between visual information and body sway. It appears, therefore, that age-related postural control changes might be related to how sensory stimulus is acquired and incorporated into motor activity by the postural control system to maintain or achieve a desired posture.
The influence of sensory manipulation on postural control in children and even infants was well observed decades ago (e.g., Butterworth & Hicks, 1977; Jouen, 1988; Lee & Aronson, 1974) . However, studies have only recently begun to uncover the characteristics of the coupling between this sensory information and motor action coupling (e.g., Barela et al., 2000 Barela et al., , 2003 Bertenthal et al., 1997; Schmuckler, 1997) , and our results indicate that the coupling between visual information and body sway is well-developed in children as young as 4 years of age. This finding confirms results from previous studies that have indicated that infants (Barela et al., 2000) and children (Barela et al., 2003; Schmuckler, 1997) are capable of entraining with oscillatory visual or somatosensory information while sitting or standing and the present study expands our knowledge of the ways in which some aspects of this coupling occur. Specifically, the coupling between visual information and body sway was shown to depend on the characteristics of the visual stimulus and that young children do not adapt to changes of this stimulus as well as older children and adults do.
Although children and young adults were entrained to oscillatory visual information, we observed differences in sensorimotor coupling strength and in the room movement's influence on body sway. Specifically, as age increased, body sway was more coherent with the room movement; and, also, as age increased, room movement induced less body sway. This phenomenon was observed in previous studies (e.g., Butterworth & Hicks, 1977; Lee & Aronson, 1974) in which visual manipulation dramatically disrupted the upright stances of infants and young children, and even led to falls. Weaker sensorimotor coupling strength in children has also been previously Developmental Psychobiology. DOI 10.1002/dev observed by Barela et al. (2003) , who suggested that even when that frequency was clearly specified by the sensory input, children were unable to focus their response to the sensory stimulus at a specific frequency. Moreover, the authors suggested that the source of these difficulties might reside in the reweighting process, which involves reducing the effect of sensory information that is present but unreliable or irrelevant, resulting in the higher body sway variability in young children than in adults (Barela et al., 2003) .
Despite a weaker coupling to the visual information, young children are more influenced by this sensory manipulation than older children and adults are. At first glance, this observation seems to be incongruent with control theory assumptions. However, such functioning of postural control interpretation has been questioned (e.g., Jeka, 1995) , with the postural control system clearly showing many nonlinear properties (e.g., . Young children might be more influenced by sensory manipulation because of their inability to precisely estimate their own body position based upon knowledge of body dynamics and its relationship to the environment (Barela et al., 2003) , as demonstrated in several studies that investigated feedforward mechanisms in children (Assaiante, Woollacott, & Amblard, 2000; Hay & Redon, 2001; Ledebt, Bril, & Brenière, 1998; Schmitz, Martin, & Assaiante, 1999 , 2002 . Therefore, even without strong coupling to sensory information, any manipulation of the available information would produce a greater effect in children than in adults.
The second aspect that our results revealed about postural control functioning in children was that young children are not as capable as adults in adapting to changes in the available sensory information, such as the characteristics of the visual stimulus. The sensorimotor coupling strength and the influences of the room movement decreased as the distance between the participant and the room front wall increased for the 4-, 6-, 8-and 10-year-old groups, but not for the 12-and 14-year-old and young adult groups. This lack of decreasing strength for adults even differs from the results of . This could be due to the different experimental set up. In our study, the distance manipulation was real as opposed to Dijkstra's study, where the distance was virtual.
However, the most interesting result was the difference between young children and older children and adults. The reasons for these differences seen between young children and older children and adults are not yet known. From a physiological perspective, it could be suggested that the visual system is not fully matured. In fact, how soon after birth the visual system becomes electrophysiologically mature is still unknown. Although it has been demonstrated that the lateral geniculate nucleus develops in the first year, myelination of the visual pathway is complete only around the age of 2 years, and the retina matures after the age of 4 years (Brecelj, 2003) . There is also evidence that the visual cortex develops morphologically until the age of 11 years and metabolically until the age of 18 years. Specifically, synaptic density reaches adult values by the age of 11 years (Garey & de Courten, 1983; Huttenlocher, de Courten, Garey, & van der Loos, 1982) ; the rate of glucose utilization increases until approximately 4 years of age and is maintained until 10 years of age, when there is a gradual decline until adult values are reached at the ages of 16-18 years (Chugani, 1998) . Children up to the age of 8 years old have demonstrated elevated visually evoked potential thresholds for high contrast when compared to adults and 11-year-old children (Gordon & McCulloch, 1999) . Based upon these studies, the immaturity of the visual system might partially explain our results with participants 10 years old and younger in that the sensorimotor coupling strength and room movement influence decreased as the participants' distance from the front wall of the room increased. Considering that the visual stimulus characteristics change as the distance increases, visual system demands might have also changed and required a tighter functioning of this system. For this reason, children might still have an immature visual system and present difficulties in adapting to these changes.
Regardless of any physiological explanations, young children are unable to reweight for the changes in the expansion rate of the environment projected onto the retina when the participant's distance to the front wall is manipulated. In fact, the rate of change of the visual angle (rate of expansion) is nonlinearly dependent on distance, that is, the rate of expansion is much higher for near than far distances. Thus, in the younger children the rate of expansion at far distance may be under threshold (i.e., their visual system is not sensitive enough to detect the low rate of expansion). Thus, it appears that children younger than 10 years of age cannot adapt to changes in the visual angle (rate of expansion) in order to control their posture. After this age, participants seem to dynamically adapt to changes in the image projected onto the retina, as suggested by . suggested that the visual system seems to tune its parameters in order to compensate for changes in the characteristics of the visual stimulus. However, children younger than 10 years old would be unable to employ such an adaptation. Consequently, the children in our study were not able to adapt to the changes in the visual stimulus characteristics and the coupling between visual information and body sway and the influence of the room movement decreased.
Finally, it can also be suggested that the differences we observed between young children and adults were due to differences in central and peripheral optic flow sensitivity. Several studies have demonstrated the importance of structure in optic flow fields as a determinant of their utility as sources of information for postural control (e.g., Stoffregen, 1985) . In our study, the optic flow structure is not identical at any of the manipulated distances. At the short distances the central optic flow was almost the only optic flow available to the participant. Assuming an approximately 200 field of view (Williams, Davids, & Williams, 1999) ) and the visibility of the front wall was approximately 92.8
. Conversely, at longer distances, the peripheral optic flow was more available than the central optic flow. When participants stood at 150 cm, the visibility of each side walls was approximately 65.0 (both sides: 130.0 ), and the visibility of the front wall was approximately 70
. Hence, as some studies have observed different sensitivities to central or peripheral optic flow structure for postural control in infants (Bertenthal & Bai, 1989; Higgins, Campos, & Kermoian, 1996) and children from 1 to 5 years of age (Stoffregen, Schmuckler, & Gibson, 1987) , this sensitivity to optic flow structure is a possible explanation for our results. If this is the case, the mechanisms underlying these age-related changes still need to be identified and understood.
In summary, we have observed age-related changes in sensorimotor coupling and in the postural control system, where young children swayed more during the upright stance than the older children and young adults did, whether the room was oscillated or not. Furthermore, we observed that the young children were not able to adapt to changes in the characteristics of the visual stimulus that consequently affected the coupling strength between visual information and body sway. Therefore, postural control development seems to depend on how children reweight the contribution of varying sensory cues available in environment in order to control body sway which appears be fulfilled only at the end of the first decade of life.
NOTES

